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Introduction
 The injection of water at high pressure is a common practice to
enhance oil production.
 A crucial component of this activity is the estimation of the maximum
pressure at which the fluids can be injected without inducing the
reactivation of preexisting faults that may exist in the formation.
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o The fluid flow can reach the seabed
 Large environmental damages
 Economic costs 
Introduction 
Why it is important
http://www.not1.com.br/vazamento-de-petroleo-na-bacia-de-campos-impacto-ambiental-chevron/
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Introduction - Strong 
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Dilatancy
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Coupled THM Formulation
 Balance equations
 Mass balance of  water (Pl )
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 Internal energy balance ( T )
 Mass balance of  air ( Pg )
 Momentum balance ( u )
 CODE_BRIGHT 
computational code 
Coupled  analysis in geological media
Case Study
Geometry
2D geological cross-section
 Initial stress state from 
geostatic conditions
 Specific rock weight: 2300 
kg/cm3
 K0 : 0.45
Injection Well Production 
Well
Data based on an actual field
located in “Campos Basin”,
Rio de Janeiro, Brazil.
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Damage zones and fault core
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 The damage zones typically formed around the geological faults are highly
heterogeneous.
 The materials involved in the damage zones are characterized by the huge
variation of their properties and high uncertainties associated with them.
 To estimate the maximum allowable injection pressure we propose:
 A coupled hydro-mechanical formulation (for the numerical
analyses);
 A criterion based on the total plastic work (for the fault
reactivation criterion); and
 The use of the evidence theory (for uncertainty quantification).
 Deterministic, probabilistic and non probabilistic analyses have been
performed based on a typical fault reactivation problem
 The case study is based on information gathered from an actual
field
 The aim is to illustrate the capabilities of the proposed framework
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Mesh and Materials
Detail of the 
mesh at the 
fault zone
Mesh for the whole analyzed domain
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Reservoir 50 0.2 30 0.3 - -
Overburden 1e-5 0.01 42 0.37 - -
Underburden 1e-5 0.01 26 0.26 - -
Fault
Core 1e-5 0.1 8 0.3 0.5 14
IDZ 1e-5 0.2 8 0.3 0.4 16
EDZ 1e-5 0.3 6 0.25 0.4 16
 The materials properties  were obtained 
from both: 
 log results 
(flow properties);  
 triaxial tests 
(mechanical properties). 
Case Study -
Properties-Deterministic
Fluid pressure [MPa]
Case Study -
Deterministic Results
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Module of fluid flow in the area under study just after fault reactivation 
Case Study -
Deterministic Results
Displacements fi lds just after fault reactivation
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i tribution of s ar stresses in the damage zon
Evolution of the plastic work in the three different materials of the fault zone
Case Study -
Fault Reactivation Criterion 
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Aleatory & Epistemic   
Uncertainties
 Uncertainty quantification is the process of determining the effect of input
uncertainties on response metrics of interest.
 The input uncertainties can be characterized as either:
 aleatory uncertainty: related to irreducible variabilities inherent in nature
 epistemic uncertainties: reducible uncertainties resulting from a lack of
knowledge.
 Since sufficient data is generally available for aleatory uncertainties,
probabilistic methods are commonly used for computing response distribution
statistics based on input probability density functions.
 For epistemic uncertainties data is generally scarce, making the use of
probability theory questionable (sometimes predictions may be non-accurate).
Aleatory uncertainty                   vs                    Epistemic uncertainty
 When dealing with epistemic variables, non-probabilistic methods generally
based on the specification of intervals data are more appropriate.
 In this work, the parameter uncertainties are mainly related to the lack of
(or limited) information about them.
 Therefore, the uncertainty is not aleatory but epistemic and, a framework
based on the evidence theory (a non-probabilistic method) has been adopted
to deal with the uncertainties associated with the main variables involved in
the fault reactivation problem.
Aleatory & Epistemic 
Uncertainties
Probability Theory Evidence Theory 
 Intervals data 
 Interval data weights
 Mean = 50.0
 Standard deviation = 10.0
50.0
Sensitivity Analysis
Tornado plot showing the sensitivity of the most influential parameters 
(respect to pore pressure increment)
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Uncertainty Quantification 
Analysis
 Range of variation of the different model parameters
 Evidence theory:
intervals data +
weights
 This data was 
defined after 
experts’ opinions
Model Outputs
CDF: Cumulative Distribution Function 
(probability theory) 
 Main curves obtained from the probability and evidence theory
“Provides a measure of the amount of information that could possibly be associated 
with our data”
CBF: Cumulative  
Belief Function. 
(evidence theory).
“Provides a 
measure of the 
amount of 
information that is 
known to be 
associated with our 
data”
CPF Cumulative Plausibility 
Function (evidence theory).
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 Main curves obtained from the probability and evidence theory
“Provides a measure of the
amount of information that could possibly be associated with our data”
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Summary and Conclusions
 The problem of fault reactivation during oil production assisted by injection
of a fluid at high pressure has been studied in detail. 
 Relievable analysis in this area should account for the inherent uncertainties
associated with the materials involved in these kinds of problem. 
 A framework based on the evidence theory has adapted to the particular 
condition of this problem. 
 It can be concluded that information provided by the evidence theory is 
more general and complete than the one obtained from probabilistic or 
deterministic methods. 
 The proposed approach it has been shown very reliable and promising for its 
application in this type of problems. 
 More complex analyses involving other geological conditions are underway.
